Mixtures of 03 with excess N20 were photolysed in the wavelength region 290 -335 nm using monochromatic light with a band width of 4 nm. The resulting primary product atomic singlet oxygen, 0( 1 D), in reacting with N20 produces in part NO which subsequently reacts with 03 giving rise to a weak infrared chemiluminescence. The emission was monitored with a cooled photomultiplier. The emission intensity is directly proportional to the rate of O (*D) production and it has been utilised to derive the relative O (*D) quantum yield as a function of wavelength between 295 and 320 nm. The data were normalised to a quantum yield of unity of 300 nm and corrections were applied to reduce the error resulting from the spectral band width of photolysing radiation. The 0 (*D) quantum yields show a temperature dependence. At 298 K the quantum yield is unity up to 305 nm, then declines to zero at 319 nm. At the dissociation limit, taken to occur at X = 310.3 nm, the quantum yields is 0.57, i. e. considerably below unity. The implications of this result as well as the tail toward longer wavelengths and the temperature dependence are discussed. Ozone absorption cross sections are also reported.
Introduction
For the atmospheric sciences, the photodissociation of ozone at wavelengths near 300 nm is important for two reasons: (a) radiation in this wavelength range still penetrates the stratospheric ozone layer and reaches the troposphere; and (b), one of the photolysis fragments is atomic oxygen in the first excited electronic state, 1 D2, which in contrast to ground state atomic oxygen, 0( 3 P2) is capable of reacting with water vapor among other species. The OH radicals thereby produced are considered one of the principal oxidative reactants in the chemistry of the troposphere and lower stratosphere 1 . It is generally accepted 2 ' 3 that the quantum yield of 0( 1 D) formation from ozone is essentially unity at wavelengths below 300 nm and originates from the spin-allowed process
( A A) + h v O (*D) + 02 (a 1 Ag) . (la)
The 02 product formed simultaneously is also electronically excited. The dissociation energy of ozone is not sufficiently well known to derive the exact threshold wavelength for this process, but the thermochemical data 4 where the 02 product molecule is now in the ground state. Since in this reaction the spin is not conserved, the 0( 1 D) quantum yield should decrease considerably. Previous measurements by Jones and Wayne 5 at a few isolated wavelengths indicated that, indeed, the 0( 1 D) quantum yield is nearly zero at 334 nm. Thus, the quantum yield decreases from unity at 300 nm to essentially zero at 334 nm. Within this range a variety of 0(*D) quantum yield measurements have been made at isolated wavelengths (mostly 313 nm) and with different experimental techniques. However, the results show little consistency, particularly at 313 nm, a wavelength readily accessible from a filtered mercury lamp. A summary of results for this wavelength is presented in Table 1 . The derived quantum yields range from 0.1 to 1.0, indicating clearly that the situation is very unsatisfactory and should be improved.
This paper describes the determination of relative 0(*D) quantum yields as a continuous function of wavelength by means of a sensitive chemiluminescence technique. The basis of this experiment is as follows: A mixture of ozone with excess nitrous oxide is photolysed with monochromatic light in the near ultraviolet spectral region. Any 0( 1 D) formed reacts predominantly with N20 producing, in part, nitric oxide. The subsequent reaction of NO with ozone leads to the well-known infrared ( > 600 nm) chemiluminescence 14 from product N02. The emission is monitored with a photomultiplier. The signal is a function of the wavelength of the incident 
Equations
In the photolysis of pure ozone, 0(*D) formed by reaction (1) specified in the introduction reacts rapidly with ozone according to O(iD) +03^02* + 02 (2) where 02* indicates an energy rich oxygen molecule which may or may not decompose into atoms 2 ' 3 .
In the presence of nitrous oxide the following additional reaction take place
-^N2 + 02.
Both channels occur with about equal probability 15 .
For a small degree of photolysis the effect of N2
and 02 as quenchers of 0( X D) may be neglected.
Nitric oxide gives rise to the subsequent reactions N0 + 03~>N02 + 02,
-^N0O* + 02, (4 b)
N02*+M^N02 + M
followed by further reactions of N02 with ozone.
Only a portion of the N02 formed in reaction 4 is electronically excited 14 as indicated by the asteric, and not all of the N02* molecules emit their energy as radiation, because a fraction of them undergoes quenching by collisions with M = N20 or 03.
Consider now a reaction cell traversed by photolysing u.v. radiation of wavelength X and viewed by an infrared-sensitive photomultiplier detector (compare Figure 1 ). On the basis of the above reaction scheme and assuming that the product accumulation and interference are negligible, the chemiluminescence emitted from the cell and reaching the detector is given by
I(X)=a<p(X)hhs{X)C (I)
where a is a constant geometric factor determined by the geometry of the experimental arrangement, 
This expression involves the rate coefficients associated with reactions 2 through 6 and the concentrations of ozone and nitrous oxide. The factor C will remain constant during an experiment provided the rate of photolysis is sufficiently small so that the concentrations of ozone and nitrous oxide are left unchanged. The absolute value of C may be optimized within certain concentration limits. On one hand, the concentration of ozone must be sufficiently high to assure a reasonable amount of light absorption, on the other hand the total concentrations should be kept sufficiently low to avoid an excessive quenching of the chemiluminescence emission. The rate coefficients for reactions 2 and 3 are now well known according to two recent reviews 16 ' 17 and it appears that more than 80% of 0( 1 D) formed will react with N20 in the presence of ozone, if the ratio [N20]/[03] is greater than ten.
Accepting that C stays constant during a photolysis run, the 0( 1 D) quantum yield is directly proportional to the ratio /(Ä)//abs (A) • The total signal derived at the detector
contains not only the signal /?/(/) due to the chemiluminescence emission (ß designating an appropriate coefficient) but also a background signal B(X) which is a function of X because it is composed of the dark current and a contribution from scattered u.v. radiation. To derive the quantum yield from the total signal one must deduct the background and obtains
The amount of photolysis radiation absorbed by ozone in the observation region viewed by the photomultiplier detector must be computed from
where /0(A) is the incident light intensity, o(A) is the ozone absorption cross section as a function of wavelength 2, [03] is the ozone number density, and a and b are the path lengths to the front and rear boundaries of the observation volume measured from the inner face of the entrance window of the photolysis cell. Absorption by N20 is assumed to be entirely negligible.
It is evident that equation IV provides only relative values for the 0( 1 D) quantum yield, so that a normalizing factor must be introduced. It was here assumed that <p{X) = 1.0 for wavelengths 1^300 nm, and the data were normalised accordingly.
In the present experiments the wavelength of photolysis radiation was selected from a continuum source by means of a monochromator with finite resolution. Hence, the derived quantum yield data are averages over a certain range of wavelengths. From the above equations one obtains where / is the center wavelength, S(£) is the monochromator slit function and the integration must be performed over the range -oo < £ < + oo. The functions underneath the integrals can be determined experimentally with exception of the desired true quantum yield function <p(X). However, this function can be derived numerically from the experimentally determined quantity 9? (A) by a series of successive approximations using a Gauss leastsquares procedure. An appropriate computing program has been applied but it will not be detailed here.
Experimental Procedures
(a) Apparatus: The experimental arrangement is sketched in Figure 1 . The optical train consisted of a 150 W u.v. enhanced xenon are lamp, a distilledwater filter to remove excess heat, quartz focussing elements, an //4 Czerny-Turner monochromator with an additional filter and collimator lens behind the exit slit, the photolysis cell, and the thermopile detector to monitor the transmitted radiation. The monochromator had a focal length of 220 mm and was fitted with 1.25 mm wide slits resulting in a resolution of about 4 nm at half width. The slit function was determined using the 253.7 nm mercury line. The same slit function was assumed to apply also in the 300 nm wavelength region. The 253.7 nm and 313.1 nm mercury lines were also used to calibrate the wavelength scale of the monochromator within + 0.3 nm accuracy. The 1200 lines/mm grating was blazed for 300 nm. It was rotated via a motor driven gear assembly. The resulting wavelength scanning speed was 12 nm per minute. Although the maximum efficiency of the grating was 70% and the level of scattering was specified as less than 0.05%, the stray light was too high and a further reduction was required. A 6 mm Schott UG 11 filter was inserted behind the monochromator exit for this purpose. The transmission of the filter was 50% at 335 nm and less than 10 -3 percent at wavelengths A<250nm and 2>400nm. A quartz lens and an additional 20 mm aperture served to collimate the radiation into an approximately parallel beam of light so that the direct reflection of light from the photolysis cell was minimized. The photolysis cell was a cross of 40 mm diameter Suprasil quartz tubing to which 3 mm quartz windows were heat-sealed. The end window allowing the transmitted radiation to escape was set at an angle of 40 degrees in order that the reflected portion of light did not re-enter the photolysis region. The chemiluminescent emission was observed perpendicular to the optical axis with a dry icecooled photomultiplier followed by an electrometer and strip-chart recorder. The employed EMI 9659 B type photomultiplier features an extended S-20 response. A collimating honey comb structure in front of the photomultiplier limited the observation region within the photolysis cell to a space 30 mm in width, its center being located 49.5 mm behind the rear plane of the entrance window. A 3 mm thick Schott OG 590 short wave cut-off filter was placed in front of the photomultiplier. Its transmittance was less than 10~3 at wavelengths below 560 nm. The major portion of scattered light in the u.v. spectral region was thus removed. A Wood's horn opposite the photomultiplier also served to reduce the effect of scattered light. The photomultiplier currents observed with the empty photolysis cell or with a filling of N20 ranged from the dark current value of 7 X 10~n A to about twice that amount. The maximum signals observed during the 03 photolysis were by a factor of about twenty greater.
(b) Materials: A conventional mercury-free gas handling system was used for the preparation, purification and mixing of gases. Ozone was generated from P205-dried, prepurified oxygen flowing through a Siemens-type ozoniser powered by a 15 kV neon transformer. The ozone was trapped on silica-gel cooled with dry ice. After a sufficient amount had accumulated, the ozoniser and the 02 flow were shut off, and the excess oxygen was pumped out through a trap containing molecular sieve and silver wire. Subsequently, the ozone was freed from the remaining oxygen by condensation at liquid nitrogen temperature and degassing. Nitrous oxide from a steel cylinder (99.9% purity) was further purified by bulb to bulb destillation. The gases were mixed before admitting them to the evacuated photolysis cell. Pressures of ozone and of N20-ozone mixtures below 50 Torr were measured with a sulfuric acidfilled U-shaped manometer. Higher pressures of N20 were determined with a mechanical pressure gauge. Ozone partial pressures in the photolysis cell were in addition determined from the extent of light absorption at wavelengths 300<2<310nm using absorption parameters obtained separately as described below.
(c) Ozone absorption cross sections:
Although quantitative data are given in the literature [18] [19] [20] it was found necessary to redetermine the 03 absorption cross sections with the present optical set-up because of the influence which the Huggins bands exert in combination with the finite spectral resolution of the equipment, and because the literature data appear predominantly in graphical form whereas more precise numerical values are required here. The cross sections determinations were made as is customary from the ratio of incident to transmitted radiation intensities, using a quartz cell of 6.75 cm path length filled with triply distilled ozone.
(d) Data evaluation: According to Eqs. (IV) and (V) the determination of the 0( X D) quantum yield involves the knowledge or measurement of the following quantities: the ozone absorption cross sections o(X), the photolysis cell geometry (a and b), the 03 concentration, the incident radiation intensity 70(A), the photomultiplier signal 5(2), and the background signal B(X). The first three quantities were obtained by auxiliary measurements. The remaining quantities were obtained from the multiplier signal and the signal derived at the thermopile detector. Both were recorded simultaneously, while the wavelength was scanned, for two experimental conditions: (1) when the cell was filled with an appropriate mixture of 03 and N20, and (2) before and after each photolysis run with the cell being evacuated. A typical example for the resulting raw data is shown in Figure 2 . The signal from the thermopile detector obtained with the empty cell was taken to represent I0(X). Usually, the curves observed before and after a run coincided once the lamp had stabilized. Slight deviations were taken into account by averaging. During a photolysis run the radiation intensity transmitted by the cell is decreased due to absorption by ozone. The corre-sponding signal of the thermopile detector was utilized to determine independently the partial 03 pressure in the cell from the knowledge of the cell length and the ozone absorption cross sections in the wavelength range 300<A<310nm. The photomultiplier signal S(/l) from a photolysis run was used directly after smoothing somewhat the superimposed noise. The background signal observed with the empty cell could not be used in the same manner, because it involves in addition to the dark current a contribution from scattered light which is subject to absorption by ozone in a photolysis run. Hence, an appropriate correction using Beer's law was applied. The correction is only approximate, since the points of origin of the scattered radiation are not known. It was here assumed that the signal due to scattering decreased mainly as a result of absorption of the incident radiation. The applicable absorption path-length is then the distance between the rear face of the front window of the photolysis cell and the center of the emission region viewed by the photomultiplier. The corrected background signal is also shown in Fig. 2 together with the other data. 
Results
(a) Ozone absorptions cross sections determined in this study at selected wavelengths are entered in Table 2 . Despite the limited spectral resolution employed here, the results are in excellent agreement with the data reported by Griggs 20 and by Inn and Tanaka 19 except at the wavelengths where the stronger features of the Huggins bands appear (A>318nm). At the maximum of these bands the present cross sections are lower as expected on account of the limited spectral resolution. As it turns out this effect has not much consequences for the determination of the 0( 1 D) quantum yield, because the strong Huggins bands occur at wavelengths longer than the onset of 0 ( 1 D) formation.
(b) 0( 1 D) quantum yields: A greater variety of runs was performed using different mixing ratios of the photolysis components 03 and N20 with partial pressures of ozone ranging from 0.1 to 20.9 Torr, and total pressures ranging from 2 to 120 Torr. There was no noticeable effect of the pressure or the mixing ratio on the shape of the observed quantum yield curve. However, at high total pressures the signal to noise ratio became less satisfactory. From the sum of the raw data, an example of which is shown in Fig. 2 , seven runs with optimum signal to noise ratio were selected for averaging. The resulting relative quantum yield curve, normalized to unity at 2 = 300nm, is shown in Fig. 3 by the shaded area. Its boundaries indicate the most probable error. Pertinent data of other investigators are also shown for comparison (see discussion further below). Finally, our data in Fig. 3 were corrected for the finite resolution of the employed monochromator, utilysing the procedure outlined to solve Equation VI. The resulting quantum yields are entered in Table 2 . The differences with the uncorrected values in Fig. 3 are comparatively minor.
When pure ozone was photolyzed a very weak chemiluminescence was observed. Applying the same data treatment, but setting [N20] == 0, an identical quantum yield curve as shown in Fig. 3 was obtained, even though the error resulting from the poorer signal to noise ratio was greater. This result indicates that the emission originates from a species formed either simultaneously with 0( 1 D) or as a product of its reaction. Since the species responsible for the emission has not been identified in the present study, we shall not speculate on its nature. The weakness of the emission and the similarity of the derived quantum yield curve with that obtained with added N20 show, however, that the involved process does not change the results obtained when NoO is present.
The recent results of Kuis et al. 11 indicate that the 0( 1 D) quantum yield depends on the temperature to some extent. The present experiments were not designed to study this effect, so that the results are valid only for a temperature of 298 K. However, by surrounding the photolysis cell with a box filled with dry ice it was shown that a temperature dependence exists and that upon cooling the onset of 0( X D) formation moves toward shorter wavelengths. A more quantitative investigation of the temperature effect requires a modification of the apparatus which is currently being carried out.
Discussion

a) Comparison with Results from other Investigations
For comparison with the present results we included in Fig. 3 those of the previous 0( X D) quantum yield measurements that provide an indication of the wavelength dependence in the spectral region of interest. Specifically, we entered the results of Jones and Wayne 5 , Lin and De More 12 and Johnston 13 . Also included are the data of Kuis et al. 11 at the isolated wavelength 313.1 nm because similar to the present experiments these authors made use of the reaction of 0( 1 D) with nitrous oxide.
The most detailed of the previous results were obtained by Lin and De More 12 by means of the 0( 1 D) insertion technique (the reaction with iso-butane was used which yields isobutanol). The agreement with the present data is rather poor in that the quantum yield curve derived by Lin and De More is steeper and the threshold of 0( X D) formation occurs at a lower wavelength. In searching for causes of the discrepancy we have investigated the effects of pressure and spectral resolution. The influence of these parameters is not strong enough to provide a reasonable explanation for the discrepancy. Temperature appears to be a much more important parameter. Indeed, the experiments of Lin and De More 12 were performed at 235 K, about 60 degrees below the temperature of the present experiments. In addition, Kuis et al. 11 have shown very recently that at the isolated wavelength 313.1 nm the 0( 1 D) quantum yield decreases from <p = 0.29 at 293 K to = 0.11 at 221 K. Accordingly, we ascribe the observed differences in the quantum yield curve between Lin and De More's results and ours to the difference in the employed temperatures. The results of Jones and Wayne 5 were derived at room temperature from the behaviour of the ozone quantum yield when hydrogen was added. The value of <p = 0.1 obtained at 313.1 nm fits more closely to the curve of Lin and De More than to ours, but like many other studies making use of the 03 loss quantum yield the evaluation of the data in terms of the 0( 1 D) quantum yield rests on a number of assumptions of unknown validity so that a correspondingly large error may result. The data of Johnston and collaborators are as yet unpublished and are included only in summary report by Wayne 13 . These data were apparently obtained by a technique similar to ours. The results are intermediate between the present results and those of Lin and De More 12 . The employed temperature is unknown. The very recent data of Kuis et al. 11 for the wavelength 313.1 nm are of considerable interest in that these investigators utilized as a measure of the 0( 1 D) quantum yield from ozone the production of nitrogen which takes place concurrently with that of NO in the reaction of 0( 1 D) with nitrous oxide (reaction 3 b). Thus, they exploited the same reaction system as the present study but used a different product channel for analysis. It is remarkable that their room temperature value of the 0( J D) quantum yield, cp = 0.29, coincides exactly with that found at A = 313.1 nm in the present work. Most of the other values derived by earlier investigators and listed in Table 1 are considerably higher.
b) Influence of Rotational Excitation
The observed temperature dependence of the 0(*D) quantum yield curve implies the importance of thermal excitation in the energy budget of the photodissociating ozone molecule. This aspect of the data will now be discussed. The excitation of both, vibrational and rotational levels contributes to the internal energy. However, the lowest vibrational frequency of ozone is 705 cm -1 , corresponding to the bending mode of the ground state. At room temperature the fraction of ozone molecules excited to the first level of this vibrational mode is about 3% and the fraction of molecules in vibrational levels of higher energy is correspondingly smaller. The excitation of the rotational levels, by comparison, is much more pronounced, not only because the rotational frequencies are much smaller but also because the 2 / + 1 degeneracy causes several hundred rotational levels to participate. Consequently, we shall here consider only the contribution to photodissociation provided by the rotational excitation.
As a rotor, ozone represents an asymmetric top molecule, i. e. the three rotational constants have different values. However, two of these values are fairly similar, so that the rotational energy levels of the ozone molecule may be approximated by the symmetric top representation hc[B J (J + 1) + (.A-B)K 2 ], where A = 3.5535 cm" 1 and B = \/BC = 0.4193 cm -1 are the rotational constants 21 , h is Planck's constant, c is the velocity of light and J and K are the rotational quantum numbers (K /). The population distribution of rotational levels is given by
where QR denotes the pertinent partition function. Further to be taken into account is the planar symmetry of ozone in conjunction with the nuclear spin of zero for the 16 0 isotope of oxygen. The procedure for calculating the partition function and the mode of counting rotational levels in the case of twofold symmetry have been outlined in detail by Herzberg 22 . The K-type doubling 21 caused by the deviation from the pure symmetric top configuration has not been taken into account. The doubling oc- Further considerations must deal with the origin of the reduced efficiency of 0( 1 D) production in the energy domain about 400 cm -1 above the dissociation limit. Theoretical predictions 24 ' 25 indicate the existence of one strong electronic transition in the near ultraviolet spectral region, 1 B2^X 1 A1, and the Hartley continuum must represent at least a portion of this transition. If the potential surface of the involved upper state were purely repulsive, one would expect the 0( X D) quantum yield to become unity as soon as the absorbed-photon energy readies the dissociation limit. This behavior is clearly not observed, so that a notion of a purely repulsive upper state must be discounted. Indeed, the theoretical calculations indicate a bound upper state 25 which suggests that the Huggins bands and the Hartley continuum are part of the same transition, the lower intensity of the Huggins bands being due to less favorable Franck-Condon factors. The general appearence of the Huggins bands, particularly the rise of intensity with increasing energy supports this interpretation 25 and we shall adopt it for further discussion. The Huggins bands then represent the transition to vibrational levels within the stable region of the potential well, whereas the Hartley continuum arises from the more vertical transition to that portion of the potential surface which lies above the dissociation limit and where the 03 molecule is unstable. The Huggins bands have been identified mainly as sequences of the upper state bending and symmetric stretching modes 26 . The last rather diffuse band that can be discerned against the strongly increasing background of the continuum lies at 32100 cm -1 , about 100 cm -1 below the here employed value of the dissociation limit. This observation does not preclude the existence of additional bands at higher energies submerged in the dissociation continuum.
Under these conditions, two factors may possibly cause a 0( 1 D) quantum yield less than unity in this energy domain. The first is a shape of the potential energy surface such that it allows the dissociation into the 0( 1 D) channel only along that reaction coordinate which is represented by one of the two involved vibrational modes -say the stretching mode -whereas the contribution of the other vibrational mode comes into play only at higher energies. For this process to occur the coupling between the vibrational modes must be weak and the energy residing in the ineffective vibrational modes must be removed by either re-radiation or collisions. The observed 0( A D) quantum yield would in this case reflect the partioning of energy among the two vibrational modes in the vicinity of the dissociation limit.
The second possibility is a perturbation of the upper state of the Huggins-Hartley system by other states, leading to predissociation into the 0( 3 P) channel. As Simons et al. 26 pointed out the asymmetric stretching mode would be affected most strongly by such a perturbation, explaining not only the lack of its observation, but also the occurrence of a continuous component of the spectrum below the 0( J D) dissociation limit. However, the observed bands in this spectral region are also rather diffuse indicating that even the symmetric stretching and bending modes are influenced by the perturbation. If it is assumed that this perturbation persists into the energy domain above the 0( 1 D) dissociation limit, a fraction of the excited ozone molecules would suffer predissociation into the 0( 3 P) channel rather than undergo direct dissociation to yield 0( 1 D). In this case the 0( 1 D) quantum yield would indicate the relative efficiency of both processes.
The two processes just outlined as conceivably being responsible for an 0( 1 D) quantum yield less than unity in the energy domain adjacent to the dissociation limit may be summarised briefly as: energy storage in an ineffective vibrational mode; and predissociation into the 0( 3 P) channel. The present data cannot distinguish between these two processes.
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